The PA0336 protein from Pseudomonas aeruginosa belongs to the family of widely distributed Nudix pyrophosphohydrolases, which catalyze the hydrolysis of pyrophosphate bonds in a variety of nucleoside diphosphate derivatives. The amino acid sequence of the PA0336 protein is highly similar to that of the RppH Nudix RNA pyrophosphohydrolase from Escherichia coli, which removes pyrophosphate from 5 0 -end of triphosphorylated RNA transcripts. Trans-complementation experiments showed that the P. aeruginosa enzyme can functionally substitute for RppH in E. coli cells indicating that, similar to RppH, the Pseudomonas hydrolase mediates RNA turnover in vivo. In order to elucidate the biological significance of the PA0336 protein in Pseudomonas cells, a PA0336 mutant strain was constructed. The mutated strain considerably increased level of the virulence factor pyocyanin compared to wild type, suggesting that PA0336 could be involved in downregulation of P. aeruginosa pathogenicity. This phenotype was reversed by complementation with the wild type but not catalytically inactive PA0336, indicating that the catalytic activity was indispensable for its biological function. Pathogenesis tests in Caenorhabditis elegans showed that the PA0336 mutant of P. aeruginosa was significantly more virulent than the parental strain, confirming further that the P. aeruginosa RNA pyrophosphohydrolase PA0336 modulates bacterial pathogenesis by down-regulating production of virulence-associated factors. To study the role of PA0336 further, transcriptomes of the PA0336 mutant and the wild-type strain were compared using RNA sequencing. The level of 537 transcripts coding for proteins involved in a variety of cellular processes such as replication, transcription, translation, central metabolism and pathogenesis, was affected by the lack of PA0336. These results indicate that the PA0336 RNA pyrophosphohydrolase functions as a global regulator that influences many of transcripts including those involved in P. aeruginosa virulence.
Introduction
The turnover of bacterial RNA plays a central role in the regulation of gene expression, which has to be continuously adjusted to the cell requirements for specific proteins in response to environmental cues (Arraiano et al., 2010) . For decades, RNA degradation in bacterial cells was considered to be nonspecific. However, numerous recent reports indicate the presence of a multienzyme, membrane-associated complex called the RNA degradosome where the decay of various RNA species is tightly controlled (Strahl et al., 2015) . It has been established that RNA recognition and its subsequent degradation by some ribonucleases, e.g., RNase E, depend on the nucleotide content and/or the presence of phosphate groups at the 5 0 -end of the RNA (Carpousis, 2007; Strahl et al., 2015) . The 5 0 phosphorylation state of RNA has been shown to be the rate-limiting step of the RNA longevity, namely the conversion of a triphosphorylated to a monophosphorylated 5 0 terminus. The more labile monophosphorylated state stimulates RNase E for subsequent RNA cleavage (Celesnik et al., 2007) . Recently, the protein responsible for initiating the 5 0 -enddependent cleavage has been shown to be a Nudix-type hydrolase. It was revealed that the RppH Nudix enzyme, earlier shown to act on diadenosine polyphosphates (Bessman et al., 2001) , catalyzed the removal of pyrophosphate from 5 0 -triphosphorylated RNAs. Therefore, it was claimed that the RppH Nudix hydrolase participates in RNA decay in vivo. This was confirmed by microarray analysis showing increased stability of a number of RNA species in cells devoid of RppH (Deana et al., 2008) .
A 5 0 -end-dependent RNA decay with participation of RNA pyrophosphpohydrolase homologous to the Escherichia coli RppH has been described in Bdellovibrio bacteriovorus, Bacillus subtilis and Helicobacter pylori (Messing et al., 2009; Hsieh et al., 2013; Bischler et al., 2017) . A comparative analysis of small RNA transcriptome of Neisseria gonorrhoeae lacking RppH with the transcriptome of wild-type cells showed that RppH influences the quality and quantity of small RNAs originating from different chromosomal locations (Wachter and Hill, 2015) . It was also shown that RNA pyrophosphpohydrolase activity is required for the novel GRIL-seq technique, which was developed to identify noncoding RNA targets in bacterial cells (Han et al., 2016) .
Another global analysis has indicated that disruption of the gene encoding Pseudomonas syringae RppH has a large effect on the temperature-dependent transcriptome, affecting the expression of a great number of genes (Hockett et al., 2014) . Homologues of RppH from other pathogenic bacteria, such as E. coli K1, Salmonella enterica s. typhimurium and Legionella pneumophila, have been shown to be associated with their invasiveness (Bessman et al., 2001; Ismail et al., 2003; Edelstein et al., 2005) . However, the mechanism by which the RppH (former YgdP or NudA) protein contributes to the virulence of these pathogens has not been elucidated.
Here, we present evidence that the PA0336 protein from Pseudomonas aeruginosa is a functional homologue of the E. coli RppH RNA pyrophosphohydrolase. Phenotypic analysis of a P. aeruginosa strain devoid of PA0336 revealed that it produced more of the pathogenesis-related factor pyocyanin, and a global RNA-seq analysis indicated that Pa RppH influences a number of transcripts coding for pathogenesis-associated proteins. Pathogenesis tests using the C. elegans infection model indicated that the PA0336 protein significantly impacts the virulence of P. aeruginosa. These results show an involvement of RNA pyrophosphohydrolase in P. aeruginosa pathogenesis and indicate that PA0336 participates in this process by modulating the cellular level of transcripts coding for proteins responsible for the biosynthesis of pyocyanin and other pathogenesis-related factors.
Results
The PA0336 Nudix protein of P. aeruginosa is an RNA pyrophosphohydrolase Sequence alignment of P. aeruginosa PA0336 and E. coli RppH indicates a high degree of similarity between these two proteins, with 59% identity (Fig. 1) . Recently, it has been demonstrated that the RppH hydrolase of E. coli participates in the decay of the rpsT P1 transcript by removing the pyrophosphate from its 5 0 -end; the level of rpsT P1 RNA in the E. coli DrppH mutant was significantly higher than in parental cells (Deana et al., 2008) . To examine whether the closely related PA0336 protein from P. aeruginosa PAO1161 could functionally substitute for the E. coli RppH hydrolase and restore the level of rpsT P1 transcript, the PA0336 gene was cloned into the p1 vector under the control of the inducible ara promoter and the resulting pPA.2 plasmid was introduced into the E. coli DrppH mutant. The cellular level of rpsT P1 transcript was determined by quantitative RT-PCR in the DrppH mutant and the DrppH mutant complemented by pPA.2 construct, pEC.1 plasmid carrying the wildtype allele of the E. coli rppH gene, pPA.2 M plasmid carrying the mutated allele of PA0336 or pPA.3 vector carrying Pseudomonas nudC gene encoding NudC Nudix hydrolase active on NADH (Table 1 and 2) (Modzelan et al., 2014) . The Pseudomonas PA0336 hydrolase The alignment was performed using Needle global alignment tool (Panwar et al., 2009) . Identical amino acids are boxed in black, and similar ones are in grey. Nudix box is underlined. The glutamic acids crucial for catalytic activity of PA0336 are indicated by black dots. decreased the level of rpsT P1 RNA in DrppH mutant equally efficiently as the E. coli RppH protein did, while no complementation of the rppH mutation was observed with the catalytically inactive PA0336 protein or the NudC protein despite sufficient production of these proteins in the transformed E. coli cells ( Fig. 2A and B) . These results indicate that the P. aeruginosa Nudix PA0336 pyrophosphatase participates in RNA decay. Accordingly, we propose to designate the PA0336 protein Pa RppH RNA hydrolase.
Pa RppH hydrolase regulates pyocyanin production in P. aeruginosa
To examine the biological significance of Pa RppH, we tested the effect of a chromosomal rppH deletion on P. aeruginosa cells. A mutated allele of rppH lacking 465 nucleotides of the coding sequence was cloned into the suicide vector pAKE600 (El-Sayed et al., 2001) , introduced by mobilization into the P. aeruginosa PAO1161 strain and then incorporated into the chromosome by homologous allele exchange (Bartosik et al., 2009) . The presence of the insertion was verified by PCR and RT-PCR analysis confirmed the lack of the rppH transcript in the mutant strain (Supporting Information Fig. S1 ).
Slight decrease in the growth rate and swimming and swarming motility of the mutant compared to PAO1161 wild-type cells was observed ( Fig. 3A and C) . The most pronounced difference between DrppH and the parental strain was in pyocyanin production: the DrppH mutant cells displayed a twofold increase in pyocyanin content (Fig. 3B) .
Since the chromosomal rppH deletion might have generated secondary mutations in the genome that could be responsible for the observed phenotype, we checked if the excessive pyocyanin accumulation could be complemented by the Pa RppH protein delivered in trans. Plasmid pPA.2 comprising the p1 vector carrying wild-type rppH gene of P. aeruginosa was introduced into DrppH mutant cells.
The introduction of the recombinant pPA.2 plasmid into the mutant cells restored pyocyanin production to the level observed for the parental PAO1161 strain (Fig. 4A) , clearly excluding the possibility of some additional mutations being responsible for the initial increase of pyocyanin production. These results indicate that Pa RppH RNA pyrophosphohydrolase regulates the cellular level of pyocyanin in P. aeruginosa PAO1161 cells.
Pa RppH catalytic activity is essential for its biological function
To establish whether the catalytic activity of Pa RppH is required for its biological function, the conserved glutamic acids E53 and E57 (E16N and E20N according to Duong-Ly et al., 2011; Boto et al., 2011) from the Nudix motif were substituted with glutamines by site-directed mutagenesis. It has been shown earlier that these Level of rpsTP1 transcript was determined as described in the 'Experimental procedures' section to check for RNA pyrophosphohydrolase activity in cells.
A. E. coli rppH mutant cells were transformed with empty vector p1, the pEC.1 plasmid carrying wild-type copy of Ec rppH, the pPA.2 plasmid carrying wild-type copy of P. aeruginosa PA0336 gene (rppH), pPA.2 M plasmid carrying mutant variant of PA0336, or pPA.3 plasmid carrying P. aeruginosa nudC gene encoding NADH Nudix hydrolase. Results are presented as the ratio of rpsTP1 mRNA normalized to 16S rRNA in the respective transformants to the isogenic DrppH E. coli. Mean value of at least three independent replicates 6SE is shown. Significant differences were indicated as *p 0.05. glutamic acid residues are responsible for cofactor binding and their substitution abrogates the enzymatic activity of any Nudix hydrolase (Mildvan et al., 2005) .
The pPA.2 M plasmid carrying the mutated allele of rppH gene was introduced into the DrppH mutant. Although the catalytically inactive Pa RppH protein was produced in P. aeruginosa cells (Fig. 4B) , pyocyanin remained at the same level as in the DrppH mutant transformed with the empty vector (Fig. 4A ). This clearly indicates that the catalytic activity of Pa RppH is essential for its cellular function.
Decreased level of rppH transcript accompanies increased production of pyocyanin
It is well recognized that pyocyanin synthesis is the highest in the late stationary phase of P. aeruginosa growth (Cabeen, 2014) . In order to further confirm the relationship between Pa RppH and pyocyanin, the level of rppH transcript was determined in the exponential and stationary phase of bacterial growth by RT-qPCR.
As shown in Fig. 5 , the level of rppH transcript in the late stationary phase is half that in the exponential phase of growth. Thus, it could be suggested that a reduced level of the transcript and presumably the Pa RppH protein is associated with increased production of pyocyanin in the late stationary phase.
Pa RppH hydrolase affects the level of a number of cellular transcripts
In order to clarify the role of Pa RppH in pyocyanin regulation and to identify transcripts modulated by Pa RppH, transcriptomes of the DrppH mutant and the wildtype PAO1161 cells were compared using highthroughput RNA sequencing (RNA-seq). Similarly to the RppH hydrolase from P. syringae, whose lack affected 569 transcripts (Hockett et al., 2014) , the absence of Pa RppH modulated 537 RNA species with 265 upregulated ones and 272 downregulated ones, coding for proteins involved in a variety of important processes in P. aeruginosa (Supporting Information Table S2 ). The Pa RppH Fig. 3 . Effect of rppH mutation on growth, motility and pyocyanin production of P. aeruginosa.
A. Growth curve of wild-type P. aeruginosa PAO1161 and DrppH mutant on rich L-broth. Mean value of at least three independent replicates 6SD is shown. B. Pyocyanin production by wild-type P. aeruginosa PAO1161 and DrppH mutant at the stationary phase of growth determined as in the 'Experimental procedures' section. Mean value of at least three independent replicates 6SD is shown. Significant differences were indicated as *p 0.05. C. Motility of wild-type P. aeruginosa PAO1161 and DrppH mutant tested as described in the 'Experimental procedures' section. deficiency influenced numerous RNAs coding for proteins involved in regulatory functions, carbon, energy, nucleotides and amino acid metabolism (particularly glycine) and others with 285 transcripts (functional categories I-VII, Fig. 6 ). Interestingly, almost half of the 537 affected transcripts were those with unknown function (functional category VIII, Fig. 6 ).
Also slightly affected were transcripts for exotoxin S and enzymes involved in pyocyanin synthesis such as PhzB1and those encoding proteins participating in its regulation and factors involved in the quinolone signaling system PQS (Table 3) .
In order to confirm the results from the global analysis, several of these transcripts were quantified individually by RT-qPCR. In accordance with the RNA-seq data, the level of phzB1, pqsE, lasI and exoS transcripts was raised in the rppH mutant, which confirmed biological relevance of the global analysis (Table 4) .
Pa RppH hydrolase regulates virulence of P. aeruginosa
To determine whether the lack of the Pa RppH hydrolase influenced P. aeruginosa virulence we employed a model eukaryotic organism C. elegans, widely used to study various aspects of host-pathogen interactions .
Toxic exoproducts affect C. elegans in the first hours of infection thus, we expected the effect of the lack of Pa RppH to be the most pronounced in the fast-killing assay commonly used to study pathogenesis-related processes mediated by diffusible toxic metabolites of P. aeruginosa (Kirienko et al., 2014) . Under such conditions, 50% of worms infected by the DrppH mutant died within 6 hours of infection whereas it took wild-type P. aeruginosa 24 h to kill 50% of worms (Fig. 7) . Similar virulence was also observed in clinical P. aeruginosa Hpu27, Hpu92 and Hpu106 strains, isolated from acute infections, while tested in C. elegans (Janjua et al., 2012) . This indicates that Pa RppH plays an important regulatory function in P. aeruginosa pathogenesis.
The toxicity of pyocyanin and its precursor, phenazine-1-carboxylic acid, toward C. elegans strongly depends on pH of the media used for the killing assay. While phenazine-1carboxylic acid is toxic at acidic pH, pyocyanin affects warms when media are buffered to neutral or A. Pyocyanin production by various P. aeruginosa strains. Pyocyanin content was determined in wild-type PAO1161 and DrppH mutant transformed with empty plasmid p1, pPA.2 plasmid carrying wild-type copy of P. aeruginosa rppH or pPA.2 M plasmid carrying mutated copy of P. aeruginosa rppH. Mean value of at least three independent replicates 6SD is shown. Significant differences were indicated as *p 0.05; NS, nonsignificant difference, p > 0.05. B. Western blotting analysis of Pa RppH M expression. The Histagged recombinant protein was purified and detected as described in the 'Experimental procedures' section. Lane M: molecular weight marker and lane 1: mutant variant Pa RppH M . rppH mRNA was measured in exponential and stationary phase cultures of wild-type P. aeruginosa PAO1161 by RT-qPCR. Constitutively expressed cysH mRNA was used as reference. The expression level in exponential phase is taken as 1. Mean value of at least three independent replicates 6SE is shown. Significant difference is indicated as *p 0.05. alkaline pH (Cezairliyan et al., 2013) . Since in the current assay, naive agar has been used (pH 6.5), it was not excluded that the increased virulence of DrppH mutant was rather due to the increased level of phenazine-1-carboxylic acid and not to pyocyanin itself. In order to clarify this, the level of phenazine-1-carboxylic acid was measured in DrppH and the parental strain. A fifty percent increase in the level of phenazine-1-carboxylic acid was noticed in the DrppH mutant as compared to the wild-type strain (Fig. 8) . Although, the Pa rppH mutant showed upregulation of transcript coding for pathogenesis-related T3SS effector toxin ExoS, (Engel and Balachandran, 2009) (Table 3 ), it appears that the significant increase in toxicity of the Pa rppH mutant towards C. elegans observed in the fast-killing assay resulted mainly from the increased level of pyocyanin precursor -phenazine-1-carboxylic acid, which is the primary toxic agent towards C. elegans cultured on the naive agar (Cezairliyan et al., 2013) . Phenazine-1-carboxylic acid is subsequently converted into pyocyanin thus, the increased level of pyocyanin seen in the Pa rppH mutant results from the increased level of its precursor.
Discussion
Pseudomonas aeruginosa, a Gram-negative, ubiquitous environmental bacterium is an opportunistic pathogen capable of infecting a wide variety of organisms. It has recently emerged as a major cause of nosocomial infections responsible for the high rate of mortality among immunocompromised patients, particularly those from chirurgic and intensive care units. In addition, this bacterium is especially proficient in infecting the airways of individuals afflicted with cystic fibrosis (Veesenmeyer et al., 2009 ). The virulence of P. aeruginosa is a complex process dependent on numerous cell-associated and extracellular factors, among which the bluepigmented secondary metabolite pyocyanin plays a key role in both acute and chronic infections (Allen et al., 2005; Rada et al., 2008; Jayaseelan et al., 2014) . Pyocyanin, a redox-active compound capable of accepting and donating electrons, easily crosses cellular membranes. Under poor accessibility of other electron acceptors (e.g., oxygen), it accepts electrons from NADH generated in carbon source oxidation thus facilitating survival of P. aeruginosa in oxygen-poor environments (Price-Whelan et al., 2007) . Although beneficial for Pseudomonas, pyocyanin is toxic to a broad spectrum of prokaryotic and eukaryotic organisms. For example, it helps P. aeruginosa outcompete other bacteria in the maintenance of biofilm (Ammann et al., 2016) and affects redox and iron homeostasis of organisms (Briard et al., 2015) . For a variety of mammalian cell lines, pyocyanin has been found to impact multiple Table 2 . Primers used in this work.
Primer Sequence
Primers used in standard PCR reactions PADF1
GTCGTAGTGCTTGTGGGTGA cellular activities such as senescence, viability and proliferation (Ulmer et al., 1990; Muller, 2006; McDermott et al., 2012) . Recently, it was shown that pyocyanin influences autophagy, which plays an essential role in suppressing bacterial burden in lung tissues (Yang et al., 2016) . In addition, pyocyanin was found to activate AhR, a pattern recognition receptor of immune cells; therefore, it was suggested that this compound may represent a new class of pathogen-associated molecular patterns (PAMPs) (Moura-Alves et al., 2014). Pyocyanin (5-N-methyl-1-hydroxyphenazine) belongs to the family of nitrogen-containing heterocyclic compounds known as phenazines. Their biosynthesis relies on two copies of a seven-gene operon, phz1 (phzA1-G1) and phz2 (phzA2-G2), and starts from a condensation reaction of phosphoenol pyruvate and erythrose-4-phosphate carried out by phzC gene product. Through shikimate pathway the primary substrate is then converted into chorismic acid, which is transformed into a pyocyanin precursor, phenazine-1-carboxylic acid, and subsequently to pyocyanin by respective phz gene products McDonald et al., 2001) . The phz operons are expressed in an environment-dependent manner (Recinos et al., 2012) and are regulated by quorum sensing (QS), a process involving cell-density-dependent accumulation of signal molecules N-(3-oxododecanoyl)-L-homoserine lactone (PAI-1) and N-butyryl-1-homoserine lactone (PAI-2) synthesized by the lasI and rhlI gene products, respectively (Dekimpe and D eziel, 2009) . At a high cell density, the transcription factor LasR binds PAI-1, whereas transcriptional activator RhlR binds PAI-2 to activate transcription not only of genes involved in pyocyanin production/regulation but also of those involved in the biosynthesis of other virulence factors, e.g., biofilm-associated rhamnolipids and exototoxins (Girard and Bloemberg, 2008) . The QS system is additionally influenced by quinolones (PQS) (Bala et al., 2014) whose biosynthesis is carried out by the enzymes encoded by pqs operon (pqsA-D). The pqs operon is regulated by the PqsR transcription factor and the quinolone signal response protein PqsE (Yu et al., 2009) .
A few transcripts coding for proteins involved in pyocyanin synthesis, including phzB1, pqsD, pqsE and lasI, are upregulated in the mutant strain (Table 3) . However, rather small magnitudes of these changes suggest existence of another mechanism(s) responsible for the observed phenotype of DrppH mutant. Transcriptomic analysis indicated downregulation of several small RNA including rsmY, phrS, prrF1 and amiL in the mutated P. aeruginosa strain (Table 5 ). In pseudomonads, small RNAs exert important regulatory functions in primary and secondary metabolisms frequently influencing bacterial virulence (Sonnleitner and Haas, 2011) . A link between oxygen availability, PQS signaling and pyocyanin production has been shown for phrS . Also, a regulatory connection between iron homeostasis and quinolone synthesis via prrF1 and prrF2 small RNAs was observed (Oglesby et al., 2008; Reinhart et al., 2015) . In addition, it was shown that in P. aeruginosa, the GacS/GacA twocomponent global regulatory pathway controls the expression of extracellular products including pyocyanin via two small RNAs, rsmY and rsmZ (Kay et al., 2006; Wang et al., 2013) . All of these small RNAs function as positive regulators of pyocyanin production; thus, their decrease should negatively influence the level of phenazines in DrppH mutant. Opposite to this, a visible increase in these compounds in DrppH mutant was seen. This observation suggest that additional factors affecting pyocyanin biosynthesis exist in P. aeruginosa. Significant changes in the level of transcripts coding for the GlyA1, GlyA2, GcvH2, GcvP2 and GcvT2 proteins of glycine cleavage system Nudix RNA hydrolase regulates P. aeruginosa virulence 387
were noticed in the mutated strain (Table 5) . Glycine cleavage system is a metabolic pathway for the conversion of glycine into pyruvate, thus allowing the latter to enter the central metabolism (Sarwar et al., 2016) . Therefore, it may be speculated that the elevated level of glycine cleavage components is responsible for the increase in pyruvate, which is converted into phosphoenol pyruvate by PEP kinase and enters the very first step of phenazines biosynthesis increasing their production. This mechanism could compensate for down-regulation of the pyocyanin synthesis-linked small regulatory RNAs seen in the Pa DrppH mutant. Although, it remains to be established whether this hypothesis is consistent with reality a link between glycine metabolism and pyocyanin production has already been presented (Lundgren et al., 2013) It also remains to be determined whether the upregulation of the pyocyanin biosynthesis-related transcripts seen in the Pa rppH mutant was a consequence of the increased level of RNAs coding for regulators or whether all these RNAs direct substrates of the Pa RppH RNA pyrophosphohydrolase.
In addition, the Pa rppH mutant displays altered level of a number of RNAs coding for global transcriptional regulators (Table 5 ). An involvement in pathogenesisrelated processes has been suggested for global regulator RsaL; for Vfr, a cAMP receptor protein; for PsrA, a possible key regulator of antimicrobial peptide resistance; for AmrZ, a twitching motility and alginate synthesis regulator; and for HutC, the transcriptional repressor of hut genes for the utilization of histidine as a source of carbon and nitrogen (Gooderham et al., 2008; Rampioni et al., 2009; Serate et al., 2011; Jones et al., 2013; Zhang et al., 2014) . Therefore, it cannot be excluded P. aeruginosa-C. elegans infection model was used to determine pathogenicity of Pseudomonas strains as described in the 'Experimental procedures' section. The experiment was repeated at least three times. Shown are results of the representative experiment presented as the Kaplan-Meier survival curves of C. elegans fed wild-type PAO1161 and DrppH mutant. The significant differences between wild type and mutant were determined by the log-rank test (****p < 0.0001). Fig. 8 . Effect of DrppH mutation on phenazine-1-carboxylic acid production in P. aeruginosa. The level of phenazine-1-carboxylic acid was measured in DrppH and parental strain at the stationary phase of growth as described in the 'Experimental procedures' section. Mean value of at least three independent replicates 6SD is shown. Significant differences were indicated as *p 0.05. that changes in these global regulators also influence the overall phenotype of the Pa rppH mutant.
Taken together our results clearly indicate that the Pa RppH pyrophosphohydrolase affects a vast number of transcripts and influences P. aeruginosa pathogenicity by modulating the cellular level of numerous RNAs coding for pathogenesis-associated components.
Experimental procedures

Bacterial strains and growth conditions
The E. coli and P. aeruginosa strains used in this study are listed in Supporting Information Table S1 . Bacteria were grown in Luria-Bertani (L-broth) medium or on L-agar (L-broth with 1.5%, wt/vol, agar) at 378C. For pyocyanin determination and RNA isolation, P. aeruginosa strains were grown in pyocyanin-inducing medium King A (2% peptone, 1% K 2 SO 4 , 0.14% MgCl 2 and 1% glycerol; Essar et al., 1990) . For quantification of phenazine-1-carboxylic acid, Pigment Production Medium D (2% Difco proteose peptone, 0.5% NaCl, 1% glycerol, 0.1% KNO 3 , pH 7.2; Wood et al., 1997) was used.
If needed, appropriate antibiotics were added to the media as follows: ampicillin, 100 mg ml 21 for Amp R in E. coli; chloramphenicol, 25 mg ml 21 for Cm R in E. coli and 200 mg ml 21 in P. aeruginosa; kanamycin sulfate, 50 mg ml 21 for Km R in E. coli, streptomycin sulfate, 50 mg ml 21 for Sm R in E. coli; carbenicillin disodium salt, 300 mg ml 21 for Cb R in P. aeruginosa; rifampicin, 300 mg ml 21 for Rif R in P. aeruginosa.
Site-directed mutagenesis
Glutamic acid residues at positions 53 and 57 in the conserved Nudix box of Pa RppH were substituted by glutamines using Quick-Change site-directed mutagenesis kit according to the manufacturer's procedure (Stratagene), with the pair of primers F M and R M and the pQR plasmid as the template to obtain the pQR M construct. The products Listed are genes of small regulatory RNA, glycine cleavage system and transcriptional regulators with altered mRNA levels presented as fold change and log 2 fold change (differences statistically significant; with p 0.05).
of the site-directed mutagenesis were verified by sequencing, and the mutated allele was inserted into p1 plasmid to produce the pPA.2 M construct.
Introduction of the mutated allele of rppH into P. aeruginosa PAO1161Rif R Two fragments of rppH gene together with their upstream sequences were amplified from P. aeruginosa genomic DNA using pairs of primers PADF1 and PADR1 (annealing at 377896 and 378107 nts, respectively) and PADF2 and PADR2 (annealing at 378573 and 378804 nts, respectively). These fragments were cloned into pAKE600 between the EcoRI and BamHI sites of the suicide plasmid (El-Sayed et al., 2001 ) to obtain the pD336 construct carrying mutated allele lacking the sequence encoding amino acids 5-159 of the Pa RppH protein. pAKE600 with pMB1 replicon is unable to replicate in Pseudomonas. The plasmid exploits its oriT RK2 and the cognate conjugative system of a helper strain to immobilize into the recipient strain. pD336 was introduced into E. coli S17-1 (donor strain), and the obtained transformants were conjugated with P. aeruginosa PAO1161Rif R (recipient strain). Following antibiotic selection and plasmid removal Pseudomonas colonies were analyzed by PCR to confirm allele exchange (Modzelan et al., 2014) .
Pyocyanin quantification
Pseudomonas aeruginosa PAO1161Rif R and DrppH strains were inoculated 1:100 in 20 ml of King's A broth and grown with aeration at 378C to maximize pyocyanin production. For pyocyanin determination, two 7.5-ml replicates were withdrawn from each of three stationary phase cultures of PAO1161Rif R and DrppH strains (OD 600 5 2.0) at the 12th hour of growth and extracted with 4.5 ml of chloroform. A total of 1.5 ml of 0.2 M HCl was added to the extract causing color change from blue to pink. The absorbance of this solution was measured at 520 nm, and the obtained values were converted to pyocyanin content following Essar et al. (1990) . The experiment was repeated at least three times.
Phenazine-1-carboxylic acid quantification
The production of PCA by P. aeruginosa strains was assessed as described by Raio et al. (2017) , with some modifications. Briefly, glass tubes containing 5 ml of Pigment Production Medium D were inoculated with fresh colonies of P. aeruginosa PAO1161Rif R and DrppH strains and vigorously grown for at 378C 24 h. Resulting bacterial cultures were then centrifuged at 7000 rpm for 5 min, and supernatants were filter-sterilized (0.2 lm Millipore filters) and transferred to the sterile 15 ml polypropylene tubes. A total of 4.5 ml of each supernatant was acidified with 150 ml of 6 M HCl and thoroughly mixed. An equal volume of benzene was added to each supernatant, and solutions were mixed on a rotary shaker at 50 rpm for 2 h at room temperature (RT) and centrifuged at 5000 rpm for 5 min. A total of 4 ml of the benzene phase was then transferred to the evaporating dish and let dry at RT under a chemical hood. The solid residues were resuspended in 1 ml of 0.1 M NaOH and serial dilutions were quantified via absorbance at 367 nm, using 0.1 M NaOH solution as a blank. The quantity of PCA was calculated by multiplying its absorption maxima by the PCA standard extinction coefficient (Jayatilake et al., 1996) .
Motility assays
The motility assays were performed according to Rashid and Kornberg, (2000) . Swimming plates (1% tryptone, 0.5% NaCl and 0.3% agar) and swarming plates (0.8% nutrient broth, 0.5% dextrose and 0.5% agar) were inoculated from fresh overnight L-agar plates with a sterile toothpick. Plates were observed after incubation at 378C for 24 h. Motility tests were repeated at least three times.
RNA isolation
For RT-qPCR, total cellular RNA was isolated from three independent cultures in L-broth or King's A broth using TRI Reagent (Sigma) or RNeasy Mini Kit (Qiagen) according to manufacturer's procedure. Aliquots containing 2 3 10 9 cells at the exponential or stationary phase of growth were used. For next-generation sequencing (RNA-seq), P. aeruginosa PAO1161Rif R and DrppH strains were inoculated 1:100 in fresh King's A broth and incubated with shaking at 378C, then aliquots containing 2 3 10 9 cells were taken from three independent biological replicates at the stationary phase of growth and immediately treated with RNAprotect Bacteria Reagent (Qiagen). RNA was isolated from the cell pellet with RNeasy Mini Kit (Qiagen). DNase I digestion using RapidOut DNA Removal Kit (Thermo Scientific) was applied to remove genomic DNA contamination. RNA quality and integrity were assessed with a Bioanalyzer (Agilent Technology), and concentration was estimated using a Nano Drop ND-1000 spectrophotometer.
RNA-seq library preparation and sequencing
Total RNA (800 ng), isolated from three independent stationary phase cultures (OD 600 5 2.0) of PAO1161Rif R and
DrppH strains, was spiked with ERCC RNA spike in mix 1 (Thermo Fisher, 4456740 
Bioinformatic analysis
Reads were filtered, trimmed and aligned to reference with Torrent Suite software using default settings. Alignment was performed on PAO1-107 genome sequence (Ensembl, ensemblgenomes.org). Aligned reads were uploaded to PartekV R FlowV R software. Reads with a minimum mapping score of 20 and maximum two mismatches were quantified to PAO1-107 genome annotation (Ensembl, ensemblgenomes.org) using PartekV R E/M (Estimation/Maximization) algorithm. Differential expression was analyzed statistically with PartekV R GSA (Gene Specific Analysis) using a model with Poisson distribution and minimum 1 error degrees of freedom. Obtained p-values were FDR corrected using Storey method (Storey and Tibshirani, 2003) . Genes with corrected p-values 0.05 were treated as significantly changed. The differences in gene expression between PAO1161Rif R and DrppH are presented as fold change and log 2 fold change.
More details on the bioinformatics analysis are presented in the 'Experimental procedures' section in the Supporting information.
Quantitative reverse transcriptase PCR (RT-qPCR)
Total RNA (800 ng) from three biological replicates of each strain was used for cDNA synthesis using QuantiTect Reverse Transcription Kit (Qiagen). The cDNA then served as a template for qPCR with gene specific primers (Table 2) using LightCycler FastStart DNA SYBR Green I kit (Roche). qPCR reactions were carried out in a Light Cycler 480 (Roche) according to the protocol: one cycle at 958C for 5 min, followed by 40 cycles at 958C for 15 s and 608C for 1 min, and a final melting curve step from 65 to 958C. Changes in gene expression were calculated with normalization of the C t values of the studied genes to the mean C t value of 16S rRNA or cysH reference. Samples were assayed in duplicates. The fold change of gene expression levels with its statistical significance was analyzed using Relative Expression Software Tool (REST) version 2 (Pfaffl et al., 2002) . The experiments (sample collection, preparation and storage and primer design) were performed according to the MIQE guidelines (Bustin et al., 2009) .
Nematode handling
The Caenorhabditis elegans wild-type strain N2 (Brenner, 1974) used in this study was obtained from the Caenorhabditis Genetics Centre. Worms were grown at 208C on nematode growth medium (NGM) plates with E. coli HB101 strain as a food source. Gravid adults were synchronized by hypochloride treatment and eggs hatched in S-Basal buffer (Brenner, 1974) with vigorous shaking at 208C. At approximately 18-20 h, L1 larvae were harvested and grown to L4 stage at 258C for use in killing experiments.
C. elegans fast-killing assay
Overnight L-broth cultures of P. aeruginosa PAO1161Rif R and DrppH were diluted 1:100 in fresh medium, and 120 ml was spread on 35-mm peptone-glucose-sorbitol (PGS: 1% bacto-peptone, 1% NaCl, 1% glucose, 0.15 M sorbitol, 1.7% agarose, pH 6.5) plates (Dagorn et al., 2013) . The high osmolarity of the PGS medium accelerates the death of worms, and most of them die within 4-24 h (MahajanMiklos et al., 1999) . Bacteria were incubated for 24 h at 378C and then for another 6 h at 258C to form uniform lawns. Forty L4 C. elegans worms were placed on Petri plates seeded with either PAO1161Rif R or DrppH strain with a worm picker and incubated at 258C. For each bacterial strain, five plates with 40 worms each were seeded and then counted every 6 h for a total of 24 h using a dissection microscope. Worms were considered dead when they no longer responded to touch. The experiment was repeated at least three times. The Kaplan-Meier survival curves of C. elegans fed PAO1161Rif R and DrppH were plotted for each experiment and represent a mean value of 200 worms. Statistical significance of the obtained data was analyzed with log-rank test using Graph Pad Prism program (Hasshoff et al., 2007; Feinbaum et al., 2012) .
